
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 131.112.10.178

This content was downloaded on 19/07/2017 at 17:40

Please note that terms and conditions apply.

50 Gbps data transmission through amorphous silicon interlayer grating couplers with metal

mirrors

View the table of contents for this issue, or go to the journal homepage for more

2014 Appl. Phys. Express 7 032202

(http://iopscience.iop.org/1882-0786/7/3/032202)

Home Search Collections Journals About Contact us My IOPscience

You may also be interested in:

Design of apodized hydrogenated amorphous silicon grating couplers with metal mirrors for

inter-layer signal coupling: Toward three-dimensional optical interconnection

Yuki Kuno, JoonHyun Kang, Yusuke Hayashi et al.

Layer-to-Layer Grating Coupler Based on Hydrogenated Amorphous Silicon for Three-Dimensional

Optical Circuits

Joonhyun Kang, Yuki Atsumi, Manabu Oda et al.

Hydrogenated Amorphous Silicon Carbide Optical Waveguide for Telecommunication Wavelength

Applications

Yuya Shoji, Koichi Nakanishi, Youichi Sakakibara et al.

High efficiency grating couplers based on shared process with CMOS MOSFETs

Qiu Chao, Sheng Zhen, Li Le et al.

A novel highly efficient grating coupler with large filling factor used for optoelectronic

integration

Zhou Liang, Li Zhi-Yong, Zhu Yu et al.

A high-efficiency grating coupler between single-mode fiber and silicon-on-insulator waveguide

Rongrui Liu, Yubing Wang, Dongdong Yin et al.

Design and Characterization of a Top Cladding for Silicon-on-Insulator Grating Coupler

Nemkova Anastasia, Xiao Xi, Yang Biao et al.

High Efficiency Grating Coupler for Coupling between Single-Mode Fiber and SOI Waveguides

Zhang Can, Sun Jing-Hua, Xiao Xi et al.

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/1882-0786/7/3
http://iopscience.iop.org/1882-0786
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience
http://iopscience.iop.org/article/10.7567/JJAP.54.04DG04
http://iopscience.iop.org/article/10.7567/JJAP.54.04DG04
http://iopscience.iop.org/article/10.1143/JJAP.51.120203
http://iopscience.iop.org/article/10.1143/JJAP.51.120203
http://iopscience.iop.org/article/10.1143/APEX.3.122201
http://iopscience.iop.org/article/10.1143/APEX.3.122201
http://iopscience.iop.org/article/10.1088/1674-1056/22/2/024212
http://iopscience.iop.org/article/10.1088/1674-1056/19/12/124214
http://iopscience.iop.org/article/10.1088/1674-1056/19/12/124214
http://iopscience.iop.org/article/10.1088/1674-4926/38/5/054007
http://iopscience.iop.org/article/10.1088/0256-307X/29/11/114213
http://iopscience.iop.org/article/10.1088/0256-307X/30/1/014207


50Gbps data transmission through amorphous silicon interlayer grating couplers

with metal mirrors

Joon Hyun Kang1*, Yuki Atsumi1, Yusuke Hayashi1, Junichi Suzuki1, Yuki Kuno1,
Tomohiro Amemiya2, Nobuhiko Nishiyama1, and Shigehisa Arai1,2

1Department of Electrical and Electronic Engineering, Tokyo Institute of Technology, Meguro, Tokyo 152-8552, Japan
2Quantum Nanoelectronics Research Center, Tokyo Institute of Technology, Meguro, Tokyo 152-8552, Japan
E-mail: kang.j.aa@m.titech.ac.jp

Received December 9, 2013; accepted January 22, 2014; published online February 13, 2014

The fabrication of highly efficient interlayer grating couplers for multilayered a-Si:H waveguides by introducing two metal mirrors to reflect back the
diffracted light was demonstrated. The coupling efficiency from one layer to the next was 83% (loss of 0.8 dB). The 50Gbps signals were
successfully transmitted from one layer to the next without any eye degradation. © 2014 The Japan Society of Applied Physics

T
he introduction of photonics into LSI chips is
expected to be a key technology for the development
of high-performance and energy-efficient computing

systems.1–3) Hydrogenated amorphous silicon (a-Si:H) is a
promising core material for photonic waveguides because it
can be deposited at a process temperature of ³300 °C, which
satisfies the temperature limitations of the CMOS backend
process.4–6) In addition, multistacking of optical layers can
be realized by alternately depositing a-Si:H and SiO2.7,8)

Furthermore, optical interconnects using a-Si:H in a three-
dimensional (3D) structure can provide a higher density,
resulting in a higher total data capacity, than conventional,
single-layered crystalline-silicon optical circuits. Recently,
several researchers have successfully achieved low-loss
a-Si:H waveguides deposited by plasma-enhanced chemical
vapor deposition (PECVD).9,10)

To realize multistacked layers of 3D optical interconnects,
vertical coupling between the layers is necessary. A vertical-
type directional coupler using evanescent coupling was
reported with a coupling distance of ³200 nm.11,12) On the
other hand, grating couplers can achieve vertical coupling
between layers with a much larger separation distance.13–15)

We initially proposed the use of a pair of grating couplers to
achieve the interlayer coupling, and we obtained a coupling
efficiency of 22%.16) These grating-type couplers were also
reported for fabricating chip-to-chip connections.17,18) In
a recent study, we have theoretically shown an improved
coupling efficiency of 90% realized by introducing a pair of
metal mirrors to the interlayer grating couplers with a layer
distance of 1 µm.19) In this paper, we report interlayer grating
couplers with a coupling efficiency higher than 80% and a
wide-band signal transmission capability up to 50Gbps.

Figure 1 shows a schematic illustration of the interlayer
grating couplers. The device design was based on the simu-
lation results in Ref. 19. In this work, the interlayer grating
couplers were sandwiched by Au mirrors to improve the
coupling efficiency. The light diffracted from the gratings
to the opposite side would be reflected back to the grating
coupler by the mirrors. Therefore, the distance between
the metal mirror and the gratings DM should satisfy phase
matching conditions. The peak coupling efficiency can be
obtained when the optical path length difference between
the light diffracted upward from the gratings and the light
reflected by the metal mirror is equal to the integral multiple
of the wavelength. The peak wavelength can also vary with
DM owing to the phase matching condition as well as grating

depth. Thus, the coupling efficiency varies periodically with
DM (in the case of a fixed wavelength) as shown in Fig. 2,
which was obtained from 3D finite-difference time-domain
(FDTD) simulations at a wavelength of 1.55 µm. From this
simulation, the maximum coupling efficiency was 90% with
DM of 800 nm.

The interlayer grating couplers with metal mirrors were
fabricated on a Si substrate with a 3-µm-thick thermal SiO2

layer. For the metal mirrors, a 100-nm-thick Au film was
evaporated on the surface of the SiO2 followed by a lift-
off process. DM was controlled by the deposition of SiO2

and a chemical mechanical polishing (CMP) process. For
each process step, the layer thickness was checked using a
thickness monitor without breaking the wafer.

Two grating couplers were placed parallel to each other
with a layer distance of 1 µm (distance can be increased as
needed). The layer distance was controlled by a layer of SiO2

1 µm

Width: 5 µm

Width: 500 nm

SiO2

a-Si:H

DM nm

Taper length
: 50 µm

a-Si:H
DM nm

Fig. 1. Device structure of interlayer grating couplers with metal mirrors.
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Fig. 2. Simulated coupling efficiency of interlayer grating couplers as a
function of distance between the metal mirror and the gratings DM.
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as done for DM. On the surface of the SiO2, a 220-nm-thick
a-Si:H film for each layer was deposited by PECVD under the
following conditions: 100 sccm SiH4 flow rate, 100 sccm Ar
flow rate, 100W power, and 300 °C deposition temperature.

The input and output ports were 500-nm-wide wire
waveguides. Through 50-µm-long tapered structure sections
at the grating region, the waveguides were expanded to 5 µm.
The total device length of the grating coupler was 150 µm
including the 5-µm-wide and 50-µm-long waveguides and
gratings. The waveguide patterning was carried out by
electron-beam (EB) lithography, and an inductively coupled-
plasma reactive-ion-etching system was used for etching the
waveguides and gratings. The etch depth of the gratings was
70 nm. In the coupling region, the grating period was 640 nm
(power leakage factor: 1700 cm¹1) for 20 pairs of uniform
gratings (duty cycle: 50% in physical length).

Bird’s-eye-view and cross-sectional scanning electron
microscopy (SEM) images of the fabricated interlayer grating
couplers are shown in Fig. 3. In Fig. 3(a), the gratings are
shown with (inset) and without the top metal mirror. The
SiO2 layer was removed to obtain a clear SEM image. From
the cross-sectional SEM image in Fig. 3(b), the thicknesses
of the top and bottom DM were 790 and 795 nm, respectively,
compared with the target DM of 800 nm. The layer distance
was 990 nm, which means that the a-Si:H, SiO2, and Au
layers were stacked with a thickness accuracy of approx-
imately 10 nm. We performed an additional simulation of
the interlayer grating coupler under the conditions of the

actual fabricated structure and estimated the peak coupling
efficiency to be 88%.

Please note that all of the processes (a-Si:H, SiO2 depo-
sition, and CMP processes) are comparable to the CMOS
process. Although we used Au for mirrors owing to equip-
ment limitations, the material for the mirrors can be replaced
by Al, which is used in CMOS contacts.

Next, coupling efficiency measurements of the fabricated
couplers were carried out using transverse-electric (TE)
polarized light from an amplified spontaneous emission
(ASE) source. The light was coupled to the wire waveguides
with inverted-taper spot-size converters through tip-lensed
single-mode-fibers.20) Figure 4 shows the coupling efficiency
of the interlayer grating couplers including the mode con-
version loss of the two tapered sections between the wire and
wide-width waveguides. The peak coupling efficiency was
improved to 83% (¹0.8 dB) compared with that in a previous
work without metal mirrors (22%).16) The 3 dB bandwidth
was more than 40 nm, which was limited by the output
wavelength range of the light source.

We also investigated the high-speed data transmission
performance of the interlayer grating couplers. Optical signals
modulated with 2¹7 pseudorandom binary sequence (PRBS)
patterns were used as input for the couplers. The measured
wavelength was set at 1560 nm owing to the operating limits
of our erbium-doped fiber amplifier. The eye diagrams with
the device under test (DUT) and without the DUT, which
means only fiber-to-fiber (F-to-F) as a reference, at data rates
of 40 and 50Gbps are shown in Figs. 5(a)–5(d). Clear eye
openings were observed with our device compared with those
of the F-to-F, even at a data rate of 50Gbps. The jitter RMS
values of the F-to-F and DUT configurations were 1.63 ps
[Fig. 5(a)] and 1.41 ps [Fig. 5(b)] for 40Gbps, and 1.31 ps
[Fig. 5(c)] and 1.42 ps [Fig. 5(d)] for 50Gbps, respectively.
There was no noticeable difference in jitter value among
data speeds. These experiments proved that multiple reflec-
tions by the mirrors above and below the couplers did not
cause any degradation of the signal transmission.

In summary, we demonstrated the fabrication of highly
efficient interlayer grating couplers with metal mirrors. The
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Fig. 3. (a) Bird’s-eye-view and (b) cross-sectional SEM images of the
fabricated interlayer grating couplers.
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Fig. 4. Measured wavelength dependence of coupling efficiency of
interlayer grating couplers. In this work (red circles), DM was 800 nm, and
the grating had a 640 nm period with 20 grating pairs. The results from the
previous work16) without metal mirrors are shown in open blue circles, and
the grating had a 640 nm period with 10 grating pairs. Note that the previous
work involved fully etched gratings.
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core material for the waveguides was a-Si:H and all of
the fabrication processes were carried out below 300 °C
for CMOS backend-process compatibility. The measured
peak coupling efficiency was more than 80%, and clear eye
openings were observed at data rates up to 50Gbps.
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